most commonly injured body part in the field of hockey, more specifically lateral ankle sprains and internal knee injury. Despite this, there remains limited understanding of how the biomechanics of the sport could be adapted to minimise injury. The aim of this study was to propose a foot position during the hockey hit that results in the smallest joint angles and moments, from a total of four different foot positions: 0°, 30°, 60° and 90°, which may correlate to injury risk.
Method Eighteen players from the local University
Ladies Hockey Club participated in this study. Each player was required to perform a hit with their lead foot in four different positions: 0°, 30°, 60° and 90°, where 0° was a lead foot position perpendicular to the direction of motion of the ball. Angles and moments were calculated with the Vicon system using force plates and motion analysis. results Significant differences (p<0.05) were found between the angles and moments of the four foot positions tested, indicating that foot angle can influence the degree of angulation, and moments, produced in the lower limb joints during the hockey hit.
Conclusion There is a relationship between lead foot position and the angles and moments produced in the lower limb joints during the hockey hit, and this may correlate with injury risk.
InTrOduCTIOn
Field hockey is a fast-paced stick and ball sport played in 132 countries worldwide. 1 Players must withstand forces generated from fast running and sharp turns while also using their upper body to control and strike the ball.
Although contact injuries from the stick and ball are more common and can have serious consequences, non-contact mechanisms are significant, particularly among female players. 2 The lower limb is of particular interest; Barboza et al 3 carried out a systematic review of injury data and found that this was the area of the body most commonly injured during hockey, more specifically the knee and ankle with the literature vague on whether the injuries occur through hitting or running. The complex cutting manoeuvres and highpower swing motions required to distribute the ball create a high risk of overuse injury, particularly to the ligaments of the knee and lateral ankle. 4 However, limited literature exists on the biomechanics of the sport and how this relates to non-contact injury mechanisms.
Degree of angulation and magnitude of moments around a joint are factors known to correlate with the risk of injury, as they play a key role in the biomechanics of the joint. [5] [6] [7] Since the lower limb joints allow limited degrees of angulation, particularly in the coronal and transverse planes, 8 a foot position that results in angulation of the foot close to its maximum angle, in the respected plane of motion, will increase the risk of injury. Furthermore, there are a number of factors that influence how the magnitude of a force will affect the joint, such as the strength of surrounding muscles. Therefore, there is not a particular magnitude of moment that can be stated as the threshold for injury, making it difficult to quantify the risk of injury. However, through comparison of the four positions against one another, the one that produced the smallest moments the most often, and largest moments the least often, could be said to carry the smallest risk of injury.
What are the new findings?
► Lead foot position influences the angles and moments produced in the lower limb joints during the hockey hit. ► Overall, a lead foot position in line with the rest of the body whilst performing the hockey hit, defined as 30° in the present study, produced the lowest angles and moments in the most significant planes of motion. ► Foot position may correlate with injury risk to the lower limb during the hockey hit.
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There were four foot positions tested in the present study: 0°, 30°, 60° and 90°, relative to the axes of the force plate used to gather motion analysis data. In hockey, a side on stance is common, with the front foot placed at a diagonal to the line of movement of the ball. In this position, the front-foot faces in a similar direction to the rest of the body, with minimal rotation of the ankle joint relative to the body. In the present study, this foot position was defined as 30°. In order to gather motion analysis data with both a smaller and larger degree of angulation at the ankle, a further three foot positions, defined as 0°, 60° and 90° were also tested.
A foot position of 90°was the highest degree included because this results in the foot pointing in the direction of movement. A fourth angle of 60° was included for a more thorough comparison of foot positions between the two extremes of 0° and 90°.
The effect of foot position during a drag flick, a type of stroke performed in hockey when shooting at goal, was investigated by Wild et al. 9 The authors proposed that an externally rotated lead foot position during this stroke increases the force at the ankle joint. The hit, which was analysed in the present study, is relevant to a wider range of hockey players than the drag flick, as it is used in all aspects of the game. Therefore, understanding the biomechanics of this stroke is highly relevant.
It appears that adaptation of foot orientation is possible through appropriate training. A recent study involving a neuromuscular training programme for hockey players classed as having unstable ankles resulted in a positive effect on the participants' ankle positioning. 10 This study aimed to propose a lead foot position during the hockey hit that results in the smallest joint angles and moments, from a total of four different foot positions: 0°, 30°, 60° and 90°. The null hypothesis of this study was that no relationship exists between lead foot position and the angles and moments produced during a hockey hit.
MATerIAls And MeThOds
Patient and public involvement Twenty female hockey players were recruited from the local University Ladies Hockey Club. Volunteers were recruited through a poster being displayed in the hockey club and were given a participant information sheet prior to the study commencing. Participants were required to have played a minimum of one season of competitive hockey and have no significant injuries that precluded them from playing the year before the study was conducted.
Procedure
Motion analysis data were collected using the Vicon Nexus system V.2.6.1 (using 14 MXF40 cameras and 4 AMTI force plates BP600400). Coloured tape was used to mark the four foot positions on one of the four force plates, as shown in figure 1 .
Before collecting data, each participant was provided with a standardised pair of hockey shoes in the appropriate size to minimise any variations that could be attributed to footwear. Anthropometric data were recorded. Sixteen retroreflective markers were then attached at the following bony landmarks: anterior superior iliac spine, sacral dimple, medial and lateral femoral epicondyle, medial and lateral malleoli, posterior calcanei and between the first and second metatarsal heads. A further four wand markers were placed on each lateral thigh and calf (figure 2). Following calibration of the laboratory, participants were provided with a ball and a standard hockey stick that matched their height and asked to practice performing the hit until the participant and lead investigator agreed that they were familiar with the experimental setup. The hit was then performed while stepping onto the force plate. The trial was considered successful if the motion was performed correctly, with their whole foot on the force plate, and at the required angle. Data were collected until five successful trials at all four foot positions were recorded, from each participant.
data analysis
Vicon software was used to label successful trials. Trials were disregarded if any of the markers were missing, if the foot position was not at the required angle, or if the foot was not completely within the boundary of the force plate. This was the case for two participants, so data from eighteen participants was analysed.
statistical analysis
The SPSS system V.22 was used to analyse the data. Analysis and comparison between foot positions was carried out using the general linear model and pairwise comparisons. Four groups were formed using information from all 18 participants at each foot position. A significant difference was reported if the p value was<0.05.
resulTs
Of the 18 participants whose data were analysed, the mean age was 20 years (SD 1.0); the mean height was 167 cm (SD 5.2) and the mean mass was 64.2 kg (SD 5.7).
Graphs were created to clearly display the trends of angles and moments between the foot positions.
Due to lateral ankle sprains and internal knee injury being the most common injuries in hockey, particular focus was paid to the planes of motion in which these could occur. Statistically significant differences (p<0.05) were found between the angles and moments of all four foot positions tested.
The effect size, CIs and p values for all comparisons made are shown in tables 1 and 2, for ankle and knee data, respectively.
Ankle

Plantarflexion Angles
The maximum plantarflexion angles were lowest at a foot position of 30° with a mean of 15.3°, and highest at 60° with a mean of 20°. The only significant difference was between 30° and 60° (p<0.05).
Moments
Angle 0° produced the lowest maximum plantarflexion moment of the four foot positions (121 Nmm/kg), and this degree was significantly different (p<0.001) from the other three, of which 30° produced the highest result (273 Nmm/kg). There were no significant differences between 30°, 60° or 90°.
Inversion
Angles
As seen in figure 3 , the two foot positions that produced the lowest maximum inversion angles were 0° and 30°, between which no significant difference was found. Foot positions of 90° and 60° produce the highest inversion angles and no significant difference was found between them. However, significant differences were found between 0° and both 60° and 90°, and 30° and both 60° and 90° (p<0.001). Figure 3 shows that 30° and 60° produced the smallest inversion moments of the four positions and were not significantly different from each other. The maximum moment at 90° (113 Nmm/kg), which was the highest of the four positions, was significantly different from 0° (p<0.05) and of greater significant difference from 30° and 60° (p<0.001). No significant differences were found between 0°, 30° and 60°.
Moments
Internal rotation Angles
In the transverse plane, internal rotation angles decreased from a foot position of 0° to that of 90°, with mean angles of 48.7° and 29.5°, respectively. Significant differences were found between all four foot angles (p<0.001) except between 0° and 30°, which produced the highest degrees of internal rotation and were not statistically significant from each other.
Moments
Furthermore, 60° produced the highest internal rotation moments (295 Nmm/kg) and this result was significantly different from that of 0° (p<0.05), which produced the lowest (265 Nmm/kg). However, there are no significant differences between any of the other positions. Knee Flexion Angles For flexion at the knee, 0° and 30°produced the lowest angulation (44.6° of angulation for 0° foot position), and there was no significant difference between them. The highest mean flexion was recorded from 90° with a mean angle of 50.7°. Very significant differences were found between 90° with both 0° and 30° and also with 60° and 0° (p<0.001). Significant differences were also found between 60° and both 30° and 90° (p<0.05).
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Moments
For flexion at the knee, a foot position of 90° produced the lowest maximum flexion moments with a mean of 1282 Nmm/kg, while 0° produced the highest with a mean of 1479 Nmm/kg. The result for 90° was significantly different to that of 60° (p<0.05) and of greater significant difference to 0° and 30° (p<0.001).
Extension
Angles
No knee extension angles were recorded.
Moments
For extension at the knee, a foot position of 90° produced the highest maximum extension moments, with a mean of 591 Nmm/kg. This result was significantly different from the maximum moments produced at foot positions of both 0° and 30°, of which the mean extension moments were 267 Nmm/kg and 366 Nmm/kg, respectively (p<0.001).
Adduction Angles Very significant differences were found between adduction angles of all foot positions (p<0.001), the lowest resulting from 0° and the highest from 90°.
A foot position of 0° produced the lowest adduction moments (683 Nmm/kg) and 90° produced the highest (1183 Nmm/kg). A significant difference was found between 60° and 90° (p<0.05) and greater significant differences were found between all other foot positions (p<0.001). Abduction Angles For abduction, 90° produced the lowest angulation of 6.3° and 0° produced the highest of 11.6°. A significant difference was found between 60° and 90° (p<0.05) and very significant differences were found between all other foot positions (p<0.001).
For abduction, the trend followed the opposite direction, with the highest moments at 0° (539 Nmm/kg). Significant differences were found between 30° and both 0° and 60° (p<0.05). Even greater significant differences were found between 60° and both 0° and 90°, and between 90° and both 0° and 30° (p<0.001). Figure 4 displays a trend of decreasing internal rotation angles from 0° to 90°. For internal rotation angles, very significant differences were found between 90° and both 0° and 30° (p<0.001). Significant differences were also found between 0° and 30° and also 60° with both 0° and 90° (p<0.05).
Internal rotation Angles
Moments
The foot positions that produced the lowest internal rotation moments were 0° and 30°, with no significant difference between them. The lowest was 0° with a mean moment of 202 Nmm/kg. The highest internal rotation moments were produced at 60° and 90°, with no significant difference between them. The highest was 90° with a mean moment of 274 Nmm/kg. Significant differences Open access Figure 4 Knee graphs.
were found between both 0° and 30° with both 60° and 90° (p<0.001).
External rotation Angles
The lowest external rotation angle was found to be at 0° with a mean of 0.5°, and the highest angle was found at 90° with a mean of 10.6°. A significant difference was found between 0° and 30° (p<0.05). Very significant differences were found between all other foot positions (p<0.001), except between 60° and 90°, where there was no significant difference.
Moments
No significant differences were found for external rotation moments between any of the four foot positions.
dIsCussIOn This study investigated which foot position (0°, 30°, 60° or 90°) produced the smallest and largest degrees of angulation and moments, in the lead ankle and knee joints, during the hockey hit.
Ankle summary
Ankle injury in hockey most commonly involves the lateral ligaments 3 which usually occurs when the foot Open access is inverted, internally rotated and plantarflexed. 5 The highest degrees of ankle inversion were found at foot positions of 0° and 90° and that of internal rotation was found at a foot position of 0°. Although 0° consistently produced the highest angulation, 90° caused the most significantly high moments. Therefore, rather than one particular foot position, it seems that the extremes of foot position collectively lead to larger degrees of angulation and magnitudes of moment. In contrast, 30° was the foot position that most consistently produced the lowest degrees of angulation and moments.
Knee summary
For the knee, moments in the coronal plane were significantly higher at foot positions of 0° and 90° compared with 30° (p<0.001), and moments in the transverse plane were significantly higher at both 60° and 90° than 0° and 30° (p<0.001).
limitations This study is an exploratory study to aid future research and hence the relatively low number of participants. While the surface on which the hit was performed did not replicate normal playing conditions, the key focus of the study was to propose the best foot position from the four positions investigated. As such, the surface was constant throughout the study, hence the four foot positions could be directly compared against one another. Furthermore, the proposed foot position of 30° may not be the most appropriate for all hockey players and it is not expected that a player would be able to consistently implement this into their play. However, alignment of the lower limb could become a more prominent aspect of hockey coaching and could be of particular relevance to players with a history of injury.
COnClusIOn
The aim of this study was fulfilled, indicating that lead foot position is related to the angles and moments produced in the lower limb joints during the hockey hit, and the null hypothesis can, therefore, be rejected. A lead foot position of 30° resulted in the smallest degrees of angulation, and magnitude of moment, the most often, and the largest the least often. This correlates to a lead foot that is in line with the rest of the body, while carrying out the hockey hit. The idea that this may be correlated with injury risk would require testing via either an intervention or epidemiological study, and if this idea was confirmed, a specific intervention associated with foot position during the hockey hit may decrease the risk of injury.
